The impedance of teflon bonded electrodes was measured in the frequency domain. These electrodes based on activated carbon as electrocatalyst were developed for fuel cell applications. When feeding the electrode with air or oxygen the impedance spectra could be explained by two Nernst diffusion processes and a small charge transfer process.
List o f symbols

Symbol
Introduction
The m easurem ent of the electrode impedance is a useful m ethod to investigate the kinetics of electrode processes. With this m ethod it is possible in many cases to identify the processes, e.g. diffusion, ad sorption or heterogeneous reaction of products and reactands, which cause the total electrode overpo tential. The overpotential of the working electrode can be separated into parts associated with these pro cesses. The Faradaic impedance mostly consists of a series connection of several part-impedances e.g.: which were derived from m easured electrode impe dances by a correction process. We have m easured the impedance of a porous tef lon-bonded gas-diffusion electrode using activated carbon as electrocatalyst. These electrodes are used as oxygen reducing cathodes in fuel cells, metal-air batteries etc.
The aim of our work was to separate the overpo tential of the working electrode into amounts attri-buted to the electrode processes, and to get more inform ation for further improvement of these elec trodes.
Experimental
Electrodes were prepared from a teflon dispersion (H O EC H ST) and activated carbon N O R IT -B R X ac cording to the procedure described in [1] . A silver wire net was pressed on one side of the electrode as current collector. On the other side a porous teflonfoil was pressed to prevent electrolyte leakage even without feed-gas overpressure. Recording potential vs. current density curves and impedance m easure ments were done using the same plexiglas cell, fitted with a screw-cap for simple replacem ent of the w ork ing electrode and a large-surface counter electrode (platinized platinum ). The potential of the working electrode was measured versus a standard saturated calomel electrode (SCE), m ounted in a separate com partm ent outside the cell (to prevent artefacts due to stray capacities). To connect the cell electro lyte and the electrolyte in the reference electrode com partm ent a small hole was drilled in the cell wall ending near the working electrode surface. The elec trolyte was 6 The impedances experimentally found were used to calculate the electrolyte resistance R el and the double layer capacity by an extrapolation m ethod [2] , According to the procedure described in chap ter 3, R el and CD were separated from the m easured impedance. The param eters of the charge transfer reaction and the other electrode processes were op timized assuming an adequate equivalent circuit and a com puter routine including the M arquardt-Levenberg algorithm. All calculations were done with an IBM 168/360 computer. For details of the programs see [2, 3] .
Theory of the Diffusion Impedance
A single diffusion process
Before describing the analysis of complicated im pedances containing two or more diffusion im pe dances in detail some summarizing rem arks concern ing the impedance of a single diffusion process are necessary. M athematical equation and frequency de pendence of a single diffusion impedance based on the assumption of a finite diffusion layer thickness d (called "Nernst im pedance" , in contrast the im pe dance based on the assumption of an infinite diffu sion layer thickness is called "W arburg im pedance") are well known in the literature [4] [5] [6] [7] [8] [9] [10] .
A comprehensive equation of the Nernst impe dance is given by
containing the diffusion function
,resp. (4) V^D Function values of the diffusion function f(x) are tabulated in [11] . The term
is called diffusion factor [11] , In contrast to I.e. [12] , where a relaxation time r correlated to D and d was defined without having a physical meaning, we will use the diffusion factor A as a characteristic quantity. The correlation between the diffusion layer thickness d and the current density i according to log d = f(log i) is derived in [13] .
The diffusion resistance R do is given by
R do is equivalent to the real part of the diffusion impedance at the low frequency limit
The impedance plot in the complex plane at high frequencies shows the typical behaviour of a W arburg im pedance. Starting with an angle of 45° with respect to the real part axis the curve deviates from the W arburg behaviour at lower frequencies and shows a maximum of the imaginary part at f(jc) = 2.25 (mostly at m oderate low frequencies), (see Fig. 1 ). Beyond the maximum the curve returns to the real part axis again, reaching the axis at the frequency zero with the intercept R do (see Fig. 1 ). Analysis of the diffusion function and the impedances obtained by varying the independent param eters D. d etc. reveals [14] , that only the diffu sion factor A (eq. (4) and (5)) affects the frequency The diffusion layer thickness d and the diffusion factor A , respectively, depend on the DC current density applied to the electrode. With a known diffu sion coefficient D the diffusion layer thickness d can be calculated from fmax or vice versa.
The analytical application and the features of the single diffusion im pedance concept (including the cal culation of the surface concentration of the diffusing species and a principal com parison of the W arburg and N ernst im pedance) are described elsewhere [14, 15] .
Two diffusion processes
In most cases two or more diffusing species are involved in the electrochemical reaction. Therefore a Faradaic impedance containing more than one diffu sion impedance will be m easured. Since Z di = f(l/Cj), two diffusion processes can be separated in an im pe dance spectrum only, if all values C; are in the same order of magnitude. Otherwise one diffusion process may be neglected. N um erous impedances calculated by adding two Nernst impedances have been presented in [11, 14] . A favourable characterization of both diffusion proces ses was achieved by assuming different values of R do (see Fig. 1 and Fig. 2 , R dol = 0.2 Ohm , R do2 = 0.5 Figs. 1 and 2 characteristic complex plane plots are presented. The complex im pedance at each frequency was obtained by adding real parts and imaginary parts of both diffusion impedances. In the complex plane plot the curves start always with a slope of 45°. Two limiting cases are observed: The sum of two impedances looks like one impedance or the curve exhibits two maxima (each at a value of f(*) = 2.25 for both diffusion processes). Curve shape and frequency dependence are only affected by the diffusion factors. Since the separation of the diffusion impedances de pends on the ratio of the diffusion factors, three gener al cases of the ratio A big/A smau will be discussed: Ab/A s < 1.5
The impedance spectrum looks like the spectrum of a single diffusion im pedance (Fig. 1 , 0 -O ) . W ith only one im pedance spectrum m easured no distinction be tween a single diffusion impedance or the sum of two diffusion im pedances is possible. If Rdoi =£ R do2 the value Immax (Z ) obtained with eq. (8 ) is sm aller, com pared with the single diffusion impedance; e.g. in The impedance spectrum shows three extrem a, e. g. If two diffusion impedances can be separated the diffusion characterized with a smaller value of A ap pears at higher frequencies. If the ratio Ab/As is big enough even in the case of extreme R dol/R do2 ratios both processes appear clearly separated in the spec trum.
Examples of impedance spectra containing two Nernst im pedances were published [12, [15] [16] [17] [18] , but no kinetic data were given, except some estimated diffusion coefficients.
Analysis o f Measured Im pedances
To check if the total Faradaic im pedance R0 includ ing all part impedances has been m easured, the sum of all polarization resistances (i.e. the sum of the real parts at the frequency zero) have to be com pared with the slope of the potential vs. current density curve at the point of the impedance m easurem ent. If R 0 .imP < R 0 i ^ one or more part impedances have been om itted. This dem onstrates the im portance of impedance analysis at low frequencies, since only sufficiently low frequency values give a reliable extrapolation of R o imp in the complex plane plot. U singacom puterroutinedescribedin [2] Rcl a n d C D are subtracted from the m easured electrode im pe dance. The resulting Faradaic im pedance contains the charge transfer resistance according to
From the Randles plot of the Faradaic impedance (plotted after subtraction of R D at each frequency) the value of fmax of the lower frequency maximum is ascertained. Taking the value of A calculated from fmax and Rdo obtained from Remax(Z ) or Immax(Z) ac cording to eq. (7) - (8 ) 
Results and Discussion
In Fig. 3 the potential vs. current density curves of the electrode fed with air and oxygen are plotted. Impedances were measured at current densities be tween 5 and 50 mA cm2. Two examples of Faradaic impedances obtained from the m easured impedances by subtraction of R cl and C D are shown in Fig. 4 (x) and Fig. 5 (x) , (during further interpretation of the m easured impedances the results of de Levie [20] and Drossbach [21] concerning porous electrodes and their behaviour in impedance measurem ents have been taken into account). As can be seen from Table I the values of R0.imp and R 0.1(? are in good agreem ent, indicating that all processes contributing to the electrode overpotential are included in the impedance experimentally found. The correlation of the diffusion processes with the two diffusion im pedances contained in the Faradaic impedance is obvious, because one impedance (characterized by A 2 and R d02) is clearly depending on the oxygen partial pressure in the feedgas. T here fore this impedance is attributed to the oxygen diffu sion to the reaction sites. The residual smaller im pe dance is caused by the diffusion of the reaction pro ducts from the electrode into the bulk electrolyte. Taking into account the results of investigations on oxygen electrochemistry at various carbon electrodes this product was identified as H 0 2_ [22] . The surface concentration of H 0 2" at the reaction sites can be calculated from the diffusion resistance R do) accord ing to eq. (6 ), the results are: (Fig. 4) 0.158 Vs~0.108 Q-cm2 1.4 10_7 m o l-d m~3 (Fig. 5 ) Table I . Results of the analysis of the impedances present ed in Fig. 4 and Fig. 5 (values in parantheses give the rela tive part of each part impedance).
( Fig-4 Due to the relative low current density of 50 mA • cm " 2 the peroxide concentration is low, but still it causes severe damage to the electrode and limits the electrode perform ance as well as the lifetime [3] . Therefore the practical im portance of carbon electrodes containing no catalyst decom pos ing the peroxide is rather small. The relative mag nitude of the diffusion resistance, which is equal to an adequate diffusion overpotential, com pared with the charge transfer resistance of the oxygen reduc tion dem onstrates the high im portance of transport processes in porous gas diffusion electrodes. Further discussion of these results and practical implications are published elsewhere [2 2 ].
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